Objectives: (1) To develop a method of manipulating bioelectrical impedance (BIA) that gives indices of lean and fat adjusted for body size, using a large normative cohort of children. (2) To assess the discriminant validity of the method in a group of children likely to have abnormal body composition. Design: Two prospective cohort studies. Setting: Normative data: Avon Longitudinal Study of Parents and Children (ALSPAC), population based cohort; proof of concept study: tertiary feeding clinic and special needs schools. Subjects: Normative data: 7576 children measured aged between 7.25 and 8.25 (mean 7.5) (s.d. ¼ 0.2) years; proof of concept study: 29 children with either major neurodisability or receiving artificial feeding, or both, mean age 7.6 (s.d. ¼ 2) years. Measures: Leg-to-leg (Z T ) and arm-to-leg (Z B ) BIA, weight and height. Total body water (TBW) was estimated from the resistance index (RI ¼ height 2 /Z), and fat-free mass was linearly related to TBW. Fat mass was obtained by subtracting fat-free mass from total weight. Fat-free mass was log-transformed and the reciprocal transform was taken for fat mass to satisfy parametric model assumptions. Lean and fat mass were then adjusted for height and age using multiple linear regression models. The resulting standardized residuals gave the lean index and fat index, respectively. Results: In the normative cohort, the lean index was higher and fat index lower in boys. The lean index rose steeply to the middle of the normal range of body mass index (BMI) and then slowly for higher BMI values, whereas the fat index rose linearly through and above the normal range. In the proof of concept study, the children as a group had low lean indices (mean (s.d.) À1.5 (1.7)) with average fat indices ( þ 0.21 (2.0)) despite relatively low BMI standard deviation scores (À0.60 (2.3)), but for any given BMI, individual children had extremely wide ranges of fat indices. The lean index proved more stable and repeatable than BMI. Conclusions: This clinical method of handling BIA reveals important variations in nutritional status that would not be detected using anthropometry alone. BIA used in this way would allow more accurate assessment of energy sufficiency in children with neurodisability and may provide a more valid identification of children at risk of underweight or obesity in field and clinical settings.
Background
Body composition in childhood is a subject of increasing importance that still lacks a substantial evidence base. Body composition is known to change substantially through childhood (Fomon et al., 1982; Maynard et al., 2001) but normative data are scarce, as accurate methods of measuring body composition are either expensive and labour intensive or too invasive for use in childhood, or both. As a result we know little about how lean and fat mass varies between individual children, particularly at the extremes of body mass index (BMI). This is important to be able to assess children fully with disordered body composition owing to disability or disease and to understand better which overweight children are truly over fat, as opposed to muscular.
Bioelectrical impedance (BIA) estimates fat-free mass by measuring the resistance of body tissue to a weak electrical current and is already widely used to measure body composition in adults. The method is quick, painless, noninvasive and increasingly cheap, making it highly suitable for survey and clinic use, particularly in school-age children.
The measured resistance (Z) is used to predict total body water (TBW) from the resistance index (RI ¼ height 2 /Z) on the basis that TBWpRI. The dispersal of water through the lean tissues is complex and many other factors could potentially alter the resistivity of the tissue (Foster and Lukaski, 1996) , but nonetheless this correlation is well established experimentally in healthy subjects (Kushner et al., 1992) . As fat is anhydrous, RI can then be used to estimate fat-free mass, using regression equations developed by comparison with more accurate techniques (Houtkooper et al., 1996) . By subtraction from the actual weight, an estimate of fat mass can then be calculated.
Total values for lean and fat mass in isolation are hard to interpret, as both vary with height, so fat mass is usually expressed as a percentage of total weight (fat%), because it is adiposity that tends to be the main focus of interest. In practice fat-free mass itself tends not to be considered, even though this is what is actually measured by BIA, possibly because there is no commonly used method of adjusting fat-free mass for height. As well as reflecting changes in fat mass, the fat% will vary with changes in fat-free mass. This is important in childhood, as fat-free mass constitutes up to 85% of body weight and varies considerably with maturation (Fomon et al., 1982; Maynard et al., 2001 ), so that a child with a low fat-free mass may have a high fat%, despite a normal or even low fat mass, and vice versa (Wells and Cole, 2002) . Thus, there is a need for a method of expressing BIA in a way that gives indices of lean and fat adjusted for body size.
BIA can be measured from arm-to-leg using electrodes on the wrist and ankle (Bodystat) or from leg-to-leg using a stand-on machine (Tanita). Both methods produce similar results, as most of the variance is contributed by the limbs and there is usually high correlation between the composition of upper and lower limbs (Foster and Lukaski, 1996; Jebb et al., 2000) . The limited work that has been done in children suggests that BIA itself is reasonably precise and repeatable (Schaefer et al., 1994) and studies in children with cerebral palsy (CP) have found high correlations with more accurate methods for fat-free mass, but weaker correlations for fat mass (Stallings et al., 1995; Azcue et al., 1996; Liu et al., 2005) . However the resulting estimates of fat and fat-free mass actually agree poorly with more accurate methods, tending to be both biased and imprecise (Reilly et al., 1996; Parker et al., 2003) . This seems to reflect limitations in the regression equations used which, by necessity, have been developed with small numbers of children over wide age ranges.
Thus BIA is a theoretically valid, low cost and practical method for use in childhood, but as it is presently applied, it provides incomplete and unreliable information on body composition. Despite this, BIA machines are being used increasingly in epidemiological studies in childhood, often with little understanding of the limitations of the data they provide. The aim of this study was firstly to develop a new method of manipulating BIA that classifies children as having relatively high, average or low fatness and leanness independently, using a large normative data set. Then the value of these indices in detecting variations in body composition was tested using measurements collected in a clinical setting.
Method
The normative data used to develop these measures were taken from the Avon Longitudinal Study of Parents and Children (ALSPAC), a prospective cohort study of around 14 000 children (Golding et al., 2001) . Pregnant women resident in the former county of Avon, in the SW of England, with an estimated date of delivery between April 1991 and December 1992 were invited to take part, and around 85% of them accepted this invitation. The study was approved by the ALSPAC law and ethics committee and three relevant local research ethics committees. Detailed information was collected from pregnancy onwards using self-administered questionnaires, data extraction from medical notes and linkage to routine information systems. Children were then invited to a health check at age 7 years at which BIA was measured, after the child had been asked to empty his/her bladder. Arm-to-leg BIA was measured using the Bodystat machine. This passes a 50 kHz alternating current of 800 mA between electrodes on the right wrist and ankle, with the subject supine and legs abducted to 451. Leg-to-leg (Tanita) BIA was also measured while standing erect with bare feet on the analyser's footpads. Both instruments have been widely used elsewhere (Smye et al., 1993) . Height was measured to the last completed millimetre using a Harpenden stadiometer and weight to the nearest 50 g using the combined Tanita body fat analyser and weighing scale. BMI was calculated as weight (kg)/height (m) 2 . BMI standard deviation scores (BMI SDS) were calculated compared to the UK1990 growth reference data (Freeman et al., 1995) . A separate proof of concept study was then conducted on children recruited from outpatient clinics at the Royal Hospital for Sick Children, Yorkhill and various special needs schools in Glasgow. Eligible children were between 4 and 11 years old, with a stable medical condition, such as neurodisability or major feeding problems, making them more likely to have abnormal body composition, but without acute illness or disturbance of fluid balance. All parents of eligible children attending relevant clinics and schools were notified in advance and, if parental and child consent was obtained, studied on the day of attendance. The project was approved by Yorkhill Research Ethics Committee. Arm-to-leg (Bodystat) BIA was measured as above. Height and weight were also measured, using a stadiometer and electronic siton scale, except in the special needs schools, where a recent (usually within 1 month) height and weight recorded by the school nurse were used instead. A series of repeatability studies were conducted 5 months after the first phase of data collection. Where possible, children who had already been measured in the first study phase were re-measured, whereas another group of children attending other clinics were measured twice on the same day.
Analytical methods TBW is linearly related to the resistance index (RI ¼ height 2 /Z), where Z is the measure of impedance as follows:
where r is the resistivity constant and c1 is the intercept of the regression line. Fat-free mass is then linearly related to TBW:
where h is the hydration constant and c2 is the intercept of the regression line. Thus impedance relates to fat-free mass as follows:
Estimates for r, h, c1 and c2 have been published for UK children aged 5-17 years. We used the only published estimates for r and c1 in this age, derived from a sample of 26 UK children aged between 5 and 17 years (r ¼ 0.6; c1 ¼ À0.5) (Davies et al., 1988) , and estimates for the hydration constant h, given by Lohman (1989) . This varies with age and gender, so linear interpolation between two points was used to obtain exact values for h for this age. The only available estimate for c2 was that given by Deurenberg et al. (1989) for 11-16 years old (see Appendix 1). The majority of estimates for r are based on machines measuring arm-to-leg impedance, at the same current and frequency as the Bodystat machine. Consequently, we used the Bodystat measures of impedance (Z B ) to derive our SDS. As both Bodystat and Tanita machines were used at the 7-year ALSPAC research clinic, we were able to quantify the relationship between impedance measured by the two methods, using linear regression and arrive at an estimate for which would allow one to produce an estimate for Z B where only leg-to-leg impedance (Z T ) was available.
Lean index and fat index
An index of fat-free mass adjusted for height and age, termed the 'lean index', was calculated using the residual from a multiple linear regression model of fat-free mass, transformed to achieve normality, regressed on to height and age (lean residual). These were then standardized for each subject using the population mean and s.d. of the residuals, to produce a SDS for lean mass per unit height.
Subtracting fat-free mass from total weight gave an estimate of fat mass. After reciprocal transformation of fat mass, it was used to produce a 'fat index' adjusted for height and age, using linear regression and standardization in the same way.
For the proof of concept study, separate analyses were carried out for boys and girls and formulae derived separately for each gender. The Bland-Altman method of limits of agreement (Bland and Altman, 1995) was used to compare the Tanita and Bodystat measures and the repeated leg-to-leg measurements.
Results

BIA in the normative cohort (ALSPAC)
There were 8297 children who attended the 7-year research clinic aged 82-113 months. For this analysis, only children falling within a 12 months age range (7.25-8.25 years) were used, which yielded 7576 of these subjects with appropriate measurements, mean (s.d.) age 7.48 (0.155) years, 3740 girls and 3836 boys. Summary values for height, weight, BMI (BMI ¼ weight (kg)/height (m)
2 ), impedance and the fat-free mass estimate for boys and girls are shown in Table 1 .
Derivation of lean index
Fat-free mass was derived as in Eq. 3 above, using the coefficients shown in Appendix 1. Owing to positive skew in the fat-free mass distribution, the natural logarithm transform was taken which reduced heteroscedasticity and improved normality of errors. In linear regression, logoN fat-free mass was moderately related to height (R 2 ¼ 0.60;
Po0.0001). From this, the lean index could be calculated as in Eq. 4 (Appendix 1).
Derivation of fat index
The fat mass distribution was more positively skewed than the fat-free mass distribution and so the reciprocal transformation was used (after addition of a small constant) to stabilize the variance and normalize the error distribution. Multiple regression of height and age on fat mass À1 was then used to generate the fat index as above (Appendix 1). The lean index was higher and the fat index lower in boys. The lean index rose linearly and fairly steeply up to the middle of the normal range of BMI and then rose only slowly for higher BMI values. In contrast, the fat index rose more linearly through and above the normal range (Figure 1 ).
Arm-to-leg and leg-to-leg impedance
The arm-to-leg (Z B ) and leg-to-leg (Z T ) impedance values correlated strongly (R ¼ 0.9; Po0.001), as would be expected, and the leg-to-leg values showed very similar relationships to height and weight as for arm-to-leg (data not shown). However, the arm-to-leg values were consistently higher than leg-to-leg, and the limits of agreement between the two methods were fairly wide (760 O) after allowing for the offset. Linear regression of Z T on Z B produced an estimate for Z B , where only leg-to-leg data are available (assuming that this relationship is constant over time) as follows:
Proof of concept study Recruitment from a specialist feeding clinic and from special schools yielded 29 measurements in children with comparable conditions at mean (s.d.) age 7.4 (2.0) years. There were 23 subjects with major, chronic disabling conditions (19 cerebral palsy (CP)), 15 of whom were wheelchair bound, whereas eight had restricted mobility. Of these children, 15 ate normally, whereas eight had some artificial feeding (five oral supplements and three gastrostomy). There were also studies in six other children receiving artificial feeding, mainly as a result of major medical problems in infancy (four gastrostomy and two oral supplements). The children with chronic disabling conditions as a group were very short and had low to average BMI. BIA revealed that they had low lean indices but average to high fat indices. Most of the children receiving artificial feeding without neurodisability had low BMI and lean indices, but their fat indices were close to expected values (Table 2) . Children with BMI below the second centile had fat indices ranging from far below the second to above the 50th centile, whereas children on the 50th centile for BMI had fat scores ranging from À3 to þ 3 s.d. (Figure 2 ).
Reliability. Seventeen children, were studied twice, aged 7.7 (1.9). years at their first BIA measurement; six were children from the POC cohort and 11 were children attending other outpatient clinics. Eight children were measured twice a mean (s.d.) of 5.5 (0.5) months apart, whereas nine others 
Discussion
The data from the normative study suggest that BIA is indeed estimating fat-free mass in a useful way, as it varies in the expected way both with gender and across a wide range of BMI. In the proof of concept study, BIA demonstrated relatively low lean and normal fat indices in children with neurodisability, despite low-average BMI, making it potentially useful for assessing nutritional sufficiency in children with chronic disability. The analysis used an exceptionally large normative data set collected in standardized research conditions. No comparison was made with gold standard methods, but this has been done before in other studies, and the number who can be studied in this way is always limited by cost and time. What was possible for the first time with a data set on this scale, was to establish how the fat and lean indices vary at the extremes of the BMI distribution. The proof of concept study illustrates the power of the methodology, as even with small numbers, important variations in nutritional status were detected.
The analysis of the fat index in particular still relied on constants derived from other studies in this age range, which were by necessity relatively small. However, the values for the resistivity and hydration constants combined (0.6/ 0.776 ¼ 0.77) give very similar values to Deurenberg's estimate (Deurenberg et al., 1989) of r/h as 0.76 in a sample of 100 males and females aged 11-16 years. These earlier studies used other earlier arm-to-leg machines, but of very similar specification to the Bodystat machine used in this study. Ideally, new estimates of these regression constants should be obtained based on the newer studies using true gold standard (four compartment methods) compared with modern machines. Though some such studies have been done recently, they have not yet been used to produce new estimates of the underlying constants (Wells et al., 1999; Parker et al., 2003) .
Although there is a growing interest in childhood body composition, surprisingly few studies have manipulated body composition data in a way that allows consideration of lean and fat mass separately, or adjusts for body size. This Development of bioelectrical impedance-derived indices CM Wright et al is important, both because it is more informative than fat% and because it more explicitly indicates that impedance is a measure of lean more than fat mass. Wells (2003) has highlighted this issue, and has proposed adjusting lean and fat mass (measured using stable isotopes) for body size, by dividing by height 2 as for BMI (Wells and Cole, 2002) . That study used log regression to identify the most effective power transformation to achieve an index uncorrelated to height and found that this was height 2 for fat-free mass but height 6 for fat mass. Wells argued that the residual association of height with fat mass where height 2 was used was too slight to justify using height 6 . However, another study that adjusted fat and lean using height 2 found significant residual correlations with height (Maynard et al., 2001) , and we replicated this finding in our data set. The strength of our method of adjustment using residuals, which has already been used by others handling isotope derived body composition data (Goran et al., 1998) , has the advantage that it fully adjusts for the important effect of body size, while being no more computationally complex than employing power transformations. It is likely, for theoretical reasons, that BIA will better estimate lean than fat mass, as it is fat-free mass that is estimated directly in BIA, whereas all the residual variation in weight is assumed to be due to fat mass. This is in keeping with studies that have found much tighter inter-correlation between BIA and other methods for estimates of lean than for fat mass (Stallings et al., 1995; Azcue et al., 1996; Liu et al., 2005) .
It has been suggested that all indirect methods of body composition estimation with the exception of stable isotopes, are too biased and imprecise to be useful (Reilly et al., 1996; Wells et al., 1999; Parker et al., 2003) , but the studies examining this question used only a cross-sectional comparison with gold standard methods, mostly in children with normal body composition. Our approach does not seek to provide quantitative estimates of fat and lean mass in disease states, but instead aims to rank these children's leanness and fatness relative to norms in healthy children, as a part of the process of nutritional assessment. This has proved useful in identifying important variations in body composition and appears to have repeatability of the same order as BMI.
The proof of concept study data revealed interesting and clinically important differences in body composition in children with CP and artificial feeding. It is known that children with CP are at high risk for undernutrition (Fung et al., 2002) , but the growing trend to artificial feeding introduces the new challenge of establishing what their true nutrient requirements are and recognizing when these have been met. It has been shown that such children have greatly reduced energy requirements (Azcue et al., 1996) and have low fat-free mass (Stallings et al., 1995; Chad et al., 2000) , but height, which is the main determinant of fat-free mass, tends to be low in CP. Our data suggest that such children also have low fat-free mass per unit height and, despite low normal BMI, tend to have a relatively high fat mass. This suggests that when artificially fed, their needs tend to be overestimated, placing them at risk of overnutrition. However, the substantial individual variation in fat mass for any given BMI makes it particularly desirable that a more specific measure of nutritional status be used. Sullivan recently described very similar findings to ours using stable isotopes in a comparable patient group (Sullivan et al., 2006) , but this is not a method that can be used in routine clinical practice. In contrast, BIA has been shown to be practical and feasible in this and another study (Azcue et al., 1996) .
It is important, however, to use BIA as only one part of clinical assessment, as one must recognize the potential for substantial error, both over time or between individuals who may have very extreme variations in body proportions compared with healthy children. Obtaining reliable measures of height can be difficult in quadriplegic children, although recumbent length is easier, given appropriate equipment. This method should also only be used in well, metabolically stable children, because of the method's reliance on body water and the assumption of normal tissue hydration. It would, for example, be quite unsuitable for use in children with renal disease. Thus all BIA results should be interpreted cautiously, with a good understanding of the potential sources of bias or error and placed in the context of all other data on the child.
The approach described here could also be relevant in large-scale studies of childhood health and lifestyle. A recent study using isotope methods found that physical activity was positively correlated with lean and negatively correlated with fat mass, yet uncorrelated with BMI (Rennie et al., 2005) . Thus, BIA as an cheap and noninvasive measure of body composition has the potential to identify true risk factors for adiposity more reliably.
We conclude that BIA manipulated in this way has great promise for specialist clinical practice and field research, particularly where variation in fat-free mass is of importance. Further analysis is now needed of the later ALSPAC normative data, possibly augmented by other normative data, which will allow norms for lean and fat indices to be established for use across childhood and adolescence.
Appendix 1
Parameter estimates used to estimate TBW, fat-free mass, and the lean and fat index
All
Boys Girls
Impedance to total body water r 0.6 0.6 0.6 c1 À0.5 À0.5 À0.5
Total body water to fat-free mass h (À8.33 Â 10 À5 Â age) þ 0. 
